Subudhi AW, Olin JT, Dimmen AC, Polaner DM, Kayser B, Roach RC. Does cerebral oxygen delivery limit incremental exercise performance? J Appl Physiol 111: 1727-1734. First published September 15, 2011 doi:10.1152 doi:10. /japplphysiol.00569.2011ous studies have suggested that a reduction in cerebral oxygen delivery may limit motor drive, particularly in hypoxic conditions, where oxygen transport is impaired. We hypothesized that raising end-tidal PCO 2 (PETCO 2 ) during incremental exercise would increase cerebral blood flow (CBF) and oxygen delivery, thereby improving peak power output (W peak). Amateur cyclists performed two ramped exercise tests (25 W/min) in a counterbalanced order to compare the normal, poikilocapnic response against a clamped condition, in which PET CO 2 was held at 50 Torr throughout exercise. Tests were performed in normoxia (barometric pressure ϭ 630 mmHg, 1,650 m) and hypoxia (barometric pressure ϭ 425 mmHg, 4,875 m) in a hypobaric chamber. An additional trial in hypoxia investigated effects of clamping at a lower PET CO 2 (40 Torr) from ϳ75 to 100% Wpeak to reduce potential influences of respiratory acidosis and muscle fatigue imposed by clamping PET CO 2 at 50 Torr. Metabolic gases, ventilation, middle cerebral artery CBF velocity (transcranial Doppler), forehead pulse oximetry, and cerebral (prefrontal) and muscle (vastus lateralis) hemoglobin oxygenation (near infrared spectroscopy) were monitored across trials. Clamping PET CO 2 at 50 Torr in both normoxia (n ϭ 9) and hypoxia (n ϭ 11) elevated CBF velocity (ϳ40%) and improved cerebral hemoglobin oxygenation (ϳ15%), but decreased W peak (6%) and peak oxygen consumption (11%). Clamping at 40 Torr near maximal effort in hypoxia (n ϭ 6) also improved cerebral oxygenation (ϳ15%), but again limited W peak (5%). These findings demonstrate that increasing mass cerebral oxygen delivery via CO 2-mediated vasodilation does not improve incremental exercise performance, at least when accompanied by respiratory acidosis. altitude; fatigue; cerebral blood flow; near infrared spectroscopy; cerebral oxygenation; muscle oxygenation DURING HIGH-INTENSITY AEROBIC exercise, increased cerebral oxygen demand (34) is paradoxically matched with decreased cerebral oxygen delivery as hyperventilation-induced hypocapnia constricts cerebral blood vessels and restricts cerebral blood flow (17, 42) . Whether the reduction in cerebral oxygen delivery limits central motor drive is unknown. Evidence in support of this hypothesis comes largely from studies in which peak power output (W peak ) (38) and time to exhaustion (5, 20) in hypoxia were rapidly improved by administration of supplemental oxygen near the point of fatigue. We have argued that such rapid changes in performance happen too quickly to reverse the accrual or depletion of metabolites associated with peripheral (muscle) fatigue and, therefore, may be mediated by other mechanisms, such as increased central (brain) oxygen delivery (5, 20, 38). Unfortunately, conclusions based on the supplemental oxygen model are limited, because improvements in arterial oxygenation are systemic and hence not localized to brain tissue. A specific method to alter cerebral oxygenation while holding all other physiological variables constant is needed to definitively test the hypothesis, but may be unrealistic to achieve in human subjects with available technology. Fortunately, important insight may still be gained with existing methods that alter cerebral oxygenation. In this study, we theorized that inhaled carbon dioxide (CO 2 ), a potent cerebral but not muscle vasodilator (22), could be utilized to evaluate the effects of increased cerebral oxygen delivery during exhaustive exercise.
DURING HIGH-INTENSITY AEROBIC exercise, increased cerebral oxygen demand (34) is paradoxically matched with decreased cerebral oxygen delivery as hyperventilation-induced hypocapnia constricts cerebral blood vessels and restricts cerebral blood flow (17, 42) . Whether the reduction in cerebral oxygen delivery limits central motor drive is unknown. Evidence in support of this hypothesis comes largely from studies in which peak power output (W peak ) (38) and time to exhaustion (5, 20) in hypoxia were rapidly improved by administration of supplemental oxygen near the point of fatigue. We have argued that such rapid changes in performance happen too quickly to reverse the accrual or depletion of metabolites associated with peripheral (muscle) fatigue and, therefore, may be mediated by other mechanisms, such as increased central (brain) oxygen delivery (5, 20, 38) . Unfortunately, conclusions based on the supplemental oxygen model are limited, because improvements in arterial oxygenation are systemic and hence not localized to brain tissue. A specific method to alter cerebral oxygenation while holding all other physiological variables constant is needed to definitively test the hypothesis, but may be unrealistic to achieve in human subjects with available technology. Fortunately, important insight may still be gained with existing methods that alter cerebral oxygenation. In this study, we theorized that inhaled carbon dioxide (CO 2 ), a potent cerebral but not muscle vasodilator (22) , could be utilized to evaluate the effects of increased cerebral oxygen delivery during exhaustive exercise.
Our laboratory recently demonstrated that a simple rebreathing circuit can elevate end-tidal PCO 2 (PET CO 2 ) during exercise and prevent the drop in cerebral blood flow near maximal exertion. Our laboratory's preliminary results showed that the rebreathing circuit effectively elevated cerebral blood flow but reduced W peak in normoxia (27) . These findings were contrary to our hypothesis and raised concerns that limitations with the circuit (e.g., high inspiratory resistance) may have influenced our results. We subsequently designed a new, low-resistance, non-rebreathing system to overcome previous limitations and continued our investigation.
In this study, we used this new, non-rebreathing system to evaluate the effects of increased cerebral blood flow in normoxic and hypoxic conditions, where large reductions in cerebral oxygen delivery may approach a theoretical limit necessary to maintain voluntarily motor output (30, 31, 34, 42) . We hypothesized that, if cerebral oxygen delivery was the primary variable limiting motor output, raising PET CO 2 during exercise would improve peak aerobic power by increasing cerebral blood flow and oxygen delivery.
METHODS
Subject recruitment and screening. Following approval from our local institutional review board, amateur cyclists between the ages of 18 and 45 yr were solicited through local cycling clubs. Those giving voluntary written consent were scheduled for physical examinations to assess general health. Subjects were excluded if they reported prescription drug use or presented with respiratory or cardiovascular illnesses, such as asthma or hypertension. Aerobic capacity was assessed using incremental cycling tests to maximal exertion (30-min self-paced warm up followed by 25 W/min ramp) at two barometric pressures (P b) inside a hypobaric chamber. The first test was performed under normobaric normoxia (Pb ϳ630 mmHg or ϳ1,650 m), and the second under hypobaric hypoxia to simulate high altitude (P b ϳ425 mmHg or ϳ4,875 m) with 30 min of rest between tests. Those achieving a minimum of 300-W Wpeak in normoxia were scheduled for the experimental protocol.
On a separate day, each cyclist performed a set of two additional incremental tests (30-min rest interval), in either normoxia or hypoxia, to compare the normal, poikilocapnic response (control) against an experimental condition, in which PET CO 2 was held (clamped) at 50 Torr from rest to maximal exertion (clamp 50). We reasoned that clamping PET CO 2 at 50 Torr would provide a supraphysiological, yet tolerable, stimulus for cerebral vasodilation during intense exercise, thereby maximizing our ability to detect an effect on W peak as a first step in our investigation. Approximately 1 wk later, subjects were asked to repeat a second set of tests in the other environmental condition. The order of tests (control and clamp 50) and environmental conditions (normoxia and hypoxia) were randomly assigned and counterbalanced. The CO 2 clamp was achieved by manually adding compressed gas (10% CO 2, 21% O2, 69% N2 in normoxia and 15% CO2, 21% O2, 64% N2 in hypoxia) to room air in a custom-made, low-resistance (Ͻ0.02 cmH 2O·l Ϫ1 ·s added), 5-liter (10-cm diameter ϫ 64-cm long), open-ended inspiratory mixing chamber. The flow of compressed gas was manually adjusted based on breath-by-breath feedback of PET CO 2 (Medical Graphics, Ultima CPX, St. Paul, MN). During the control trial, no compressed gas was added to the inspiratory mixing chamber. Cyclists were blinded to the intervention and naive to the hypothesis that CO 2 would improve performance.
To partially control for respiratory acidosis and increased ventilatory drive induced in clamp50 trials, we invited cyclists completing hypoxic trials described above to perform one follow-up incremental test in which we clamped PETCO 2 at a lower level only as subjects neared exhaustion (clamp40). From rest to their previously identified respiratory compensation point (ϳ75% Wpeak), cyclists breathed room air. Above the respiratory compensation point, PETCO 2 was clamped at 40 Torr by surreptitiously raising inspired fraction of CO2 using the same system.
Measurements. All testing was performed on a magnetically braked cycle ergometer (Velotron Dynafit, Seattle, WA). To obtain breathby-breath measurements of pulmonary ventilation and gas exchange, air flowed from the inspiratory mixing chamber through 0.5 m of tubing to a standard two-way non-rebreathing valve (Hans Rudolph 2700 series) that was modified to hold a Medical Graphics pneumotach and gas sampling line (Medical Graphics, Ultima CPX, St. Paul, MN). Cerebral and muscle oxygenation measurements were obtained as previously described (37, 39) . Briefly, mean cerebral blood flow velocity (CBFv) was measured in the left middle cerebral artery (49 Ϯ 5 mm deep) using a 2-MHz transcranial Doppler (Spencer Technologies, Seattle, WA). Cerebral oxygenation in the left prefrontal lobe was assessed by monitoring changes in oxy-(O2Hb), deoxy-(HHb), and total hemoglobin (THb) and a tissue saturation index [TSI; O2Hb/(O2Hb ϩ HHb)] obtained via spatially resolved, continuous wave near infrared spectroscopy (NIRS; Artinis Oxymon, MKIII, Zetten, the Netherlands). Source-detector spacing was set at 3.5, 4.0, and 4.5 cm for spatially resolved measurements of TSI, and data obtained from the optode pair 4.5 cm apart were used to calculate changes in O2Hb, HHb, and THb with a differential path-length factor of 5.93 (40) . We interpreted increases in TSI to reflect better cerebral oxygenation and increases in O2Hb and THb as evidence of cerebral vasodilation and improved oxygen delivery, with the underlying assumption that arterial blood is responsible for ϳ30% of total near infrared absorbance in cerebral tissue (8) . Muscle oxygenation in the left vastus lateralis (ϳ15 cm proximal and ϳ5 cm lateral to the superior border of the patella) was measured with an additional NIRS channel on the same instrument using a source-detector spacing of 4.0 cm and differential pathlength factor of 4.95 (13) . Thigh skinfold measurements were taken between optodes to determine adipose tissue thickness above the region of interest. Arterial pulse oximetry (SpO 2 ; Nellcor N-595, Boulder, CO) was monitored over the right prefrontal lobe. Blood pressure was obtained using finger photoplethysmography (Nexfin HD, Louisville, KY). Rating of perceived exertion (RPE) scores using a 6 -20 Borg scale (7) were obtained at 1-min intervals during each test. In a subset of subjects (n ϭ 4), arterial blood samples (2 ϫ 1 ml) were drawn from the right radial artery (22-gauge catheter) at rest and at 25, 75, and 100% of W peak during control and clamp50 trials only. Samples were analyzed for arterial PCO2 (PaCO 2 ), pH, and lactate (iStat, Abbott, Princeton, NJ) in duplicate and averaged. Because the ambient PO2 at Pb of 425 mmHg was outside the blood-gas analyzer's limit of detection, the device was unable to calibrate arterial PO2 (PaO 2 ) during acute hypobaric hypoxia, and these data could not be measured.
Analysis and statistics. Data were recorded continuously throughout trials. To avoid potential errors introduced by NIRS and transcranial Doppler placement/replacement, sensors were left in place between trials. Data were reduced for analysis across 15-s average windows immediately before exercise and at relative (25, 50, 75 , and 100% W peak) and absolute (100 and 200 W) work rates. NIRS data were expressed as changes from the 15-s period immediately before each exercise test (arbitrarily defined as 0 M). Paired t-tests were used to evaluate differences between control and clamp trials at each work rate. The Holm's procedure was used to control for type I error, considering comparisons at 100% W peak significant at the P Ͻ 0.05 and other comparisons at the P Ͻ 0.01 level. Trends were considered when P Ͻ 0.10. All data are presented as means Ϯ SD.
RESULTS
Thirteen mountain bike and road cyclists (32 Ϯ 8 yr, 180 Ϯ 8 cm, 76 Ϯ 11 kg, 12 Ϯ 5 mm thigh skinfold) consented to the protocol and met the inclusion criteria. Nine male subjects completed the normoxic and 11 (8 men, 3 women) completed the hypoxic trials. Six subjects (3 men, 3 women) completed the follow-up clamp 40 trial in hypoxia.
Effects of clamping PET CO 2 at 50 Torr in normoxia. Before exercise, raising PET CO 2 from 33 Ϯ 4 to 50 Ϯ 1 Torr increased expired minute ventilation (V E: 184 Ϯ 106%) end-tidal PO 2 (PET O 2 ) (31 Ϯ 7%) and arterial Sp O 2 (2 Ϯ 1%). Elevating PET CO 2 increased middle cerebral artery CBFv (63 Ϯ 23%) and cerebral oxygenation (9 Ϯ 5% TSI), but had no effect on muscle oxygenation (Table 1) .
During submaximal exercise, clamping PET CO 2 at 50 Torr increased V E, PET O 2 , and arterial Sp O 2 . These effects, combined with CO 2 -mediated vasodilation, improved CBFv and cerebral oxygenation across submaximal intensities ( Fig. 1) , without affecting muscle oxygenation (Fig. 2) . Elevation of PET CO 2 increased RPE compared with the control trial (9.6 Ϯ 0.5 vs. 8.6 Ϯ 0.9 at 100 W and 14.4 Ϯ 1.5 vs. 13.3 Ϯ 1.0 at 200 W; P Ͻ 0.05).
At exhaustion (i.e., RPE of 20), V E between trials was similar, reaching 95 Ϯ 16% of estimated maximal voluntary ventilation (MVV) (21, 23) . Although at maximum exertion PET O 2 was slightly elevated (2 Ϯ 2%) in the clamp 50 trial, Sp O 2 was not different from control. Clamping CO 2 effectively elevated CBFv (43 Ϯ 24%) and cerebral oxygenation (13 Ϯ 10% TSI), without affecting muscle oxygenation (Fig. 2) . Despite these findings, W peak , peak O 2 consumption and heart rate were reduced (6 Ϯ 5, 11 Ϯ 12, and 5 Ϯ 2%, respectively) during the clamp 50 trial (Table 1) .
Arterial blood samples from two subjects confirmed that clamping raised Pa CO (Table 2) .
During submaximal exercise, clamping PET CO 2 at 50 Torr increased V E, PET O 2 , and Sp O 2 . These effects, combined with CO 2 -mediated vasodilation, improved CBFv and cerebral oxygenation across submaximal intensities (Fig. 1) . Muscle oxygenation was improved slightly at low intensities, but this effect diminished as work rate increased ( Table 2) . Elevation of PET CO 2 did not affect RPE compared with the control trial in hypoxia.
At exhaustion, V E was similar between clamp 50 and control trials, reaching 97 Ϯ 12% of estimated MVV. Although PET O 2 was increased (5 Ϯ 4%) in the clamp 50 trial, Sp O 2 was not different from control. Clamping CO 2 successfully elevated CBFv (39 Ϯ 19%) and cerebral oxygenation (15 Ϯ 11% TSI) without affecting muscle oxygenation at maximal exertion (Fig. 2) . Despite these findings, W peak and peak O 2 consumption were reduced (6 Ϯ 8 and 11 Ϯ 8%, respectively) during the CO 2 clamp trial. Responses were similar in male and female cyclists.
Arterial blood samples from two subjects confirmed elevation of Pa CO 2 during the clamped vs. control trials at rest (46 and 43 vs. 24 and 29 Torr) and at maximal exertion (41 and 48 vs. 24 and 26 Torr). Hypercapnia was accompanied by a reduction in both blood pH (7.29 and 7.24 vs. 7.37 and 7.35) and lactate concentrations (6.7 and 9.7 vs. 11.1 and 10.9 mM) at maximal exertion.
Effects of clamping PET CO 2 at 40 Torr in hypoxia.
When subjects breathed room air up to ϳ75% maximal power output (W max ), then were clamped at a PET CO 2 of 40 Torr until exhaustion, no differences were detected in V E, PET O 2 , or Sp O 2 compared with the poikilocapnic control trial (Table 3) . Clamping PET CO 2 at 40 Torr tended to increase CBFv (36 Ϯ 22%: P ϭ 0.09) and improved cerebral oxygenation (17 Ϯ 10% TSI) at maximal exertion, but W max still tended to be reduced (5 Ϯ 6%: P ϭ 0.06).
DISCUSSION
This study advances an approach to study the effect of cerebral oxygen delivery on exercise performance. To the best of our knowledge, it is the first study that attempts to improve exercise performance by increasing cerebral blood flow. By clamping PET CO 2 during exercise, we were able to selectively increase oxygen delivery to the brain during exhaustive exercise, yet peak performance was impaired rather than improved. Results suggest that cerebral oxygen delivery may not be a primary determinant limiting central motor drive during incremental exercise, at least when accompanied by respiratory acidosis.
Effectiveness of the approach. Our first major challenge in this study was to develop a method that could selectively alter cerebral oxygen delivery. We accomplished this by administering supplemental CO 2 , which has long been known to increase cerebral blood flow more than muscle blood flow (22) . This method effectively increased cerebral but not muscle tissue oxygenation, thereby directly addressing a major limitation of previous studies (5, 20, 38) . During exercise, eleva- 
Cerebral oxygenation
Values are means Ϯ SD; n ϭ 9 subjects. Wmax, maximal power output; HR, heart rate; V E, expired volume; RR, respiratory rate; VT, tidal volume; PETCO 2 , end-tidal PCO2; PETO 2 , end-tidal PO2; V E/V O2, ventilatory equivalent for oxygen; V E/V CO2, ventilatory equivalent for carbon dioxide; V O2, volume of oxygen consumed; V CO2, volume of carbon dioxide produced; CBFv, mean cerebral blood flow velocity of the middle cerebral artery; SpO 2 , arterial pulse saturation; ⌬TSI, change in tissue saturation index; ⌬O2Hb, change in oxygenated hemoglobin; ⌬HHb, change in deoxygenated hemoglobin; ⌬THb, change in total hemoglobin. *Different from preclamp (P Ͻ 0.01). †Different from control trial (P Ͻ 0.05). ‡Different from control trial (P Ͻ 0.01).
tion of PET CO 2 to 50 Torr increased cerebral blood flow in the middle cerebral artery and elevated cerebral hemoglobin concentrations (O 2 Hb and THb) in the prefrontal cortex, indicators of cerebral vasodilation and improved oxygen delivery (8) . On the contrary, no changes in muscle hemoglobin concentrations were detected in vastus lateralis muscle, which, assuming no changes in muscle blood flow, would indicate unchanged muscle oxygen delivery (Fig. 2) . These data are in line with previous results demonstrating that vasoreactivity to CO 2 is greater in cerebral than in muscle vasculature (1) and provide experimental evidence that we augmented cerebral relative to muscle oxygen delivery.
Since mass oxygen delivery is a product of blood flow and arterial oxygen content (Ca O 2 ), maintaining Ca O 2 between trials was a concern. While our non-rebreathing method was effective at clamping PET CO 2 , the resulting increase in respiratory drive elevated Sp O 2 , and therefore Ca O 2 , during submaximal work rates up to 75% W max . Yet at maximal exertion, the additive respiratory effect of elevated CO 2 was diminished, evidenced by the fact that V E and Sp O 2 were similar between clamp and control trials (Tables 1 and 2 ). Since Ca O 2 is largely the product of Sp O 2 when blood Hb concentration is constant, Ca O 2 was likely similar between trials at maximal exertion. Elevations in PET O 2 were evident throughout exercise during CO 2 clamp trials, but these changes were too small at peak exercise to appreciably affect Pa O 2 and hence Ca O 2 . These results substantiate our claim to have augmented cerebral oxygen delivery primarily by increasing cerebral blood flow, rather than Ca O 2 , at maximal exertion and represent an important step in developing an experimental model to manipulate cerebral oxygen delivery during exhaustive exercise.
Does increased cerebral oxygen delivery improve maximal performance? Despite the efficacy of the method to increase cerebral oxygen delivery during intense exercise, maximal aerobic power was impaired in normoxia. These results are similar to our laboratory's pilot study (27) , in which we Fig. 1 . Control (OE) and clamp () experiments in normoxia (n ϭ 9), hypoxia (n ϭ 11), and follow-up (n ϭ 6) trials. Values are means and SDs at 0 W, 25, 50, 75, and 100% of peak work rate. End-tidal PCO2 (PETCO 2 ) was clamped at 50 Torr in normoxia and hypoxia throughout exercise. In follow-up trials, PETCO 2 was clamped at 40 Torr from ϳ75 to 100% peak work rate. Clamping increased cerebral blood flow velocity (CBFv) and cerebral oxygenation, but decreased maximal power output. ⌬TSI, change in tissue saturation index. Different from control (*P Ͻ 0.05) and trend (#P Ͻ 0.10).
reported decreased W peak during incremental exercise when we prevented the fall in cerebral blood flow above the respiratory compensation point. Taken together with our previous studies in normoxia, which demonstrate no effect on maximal aerobic performance when Ca O 2 is rapidly increased with supplemental oxygen (38) , nor evidence of a critical level of cerebral hemoglobin concentration at exhaustion (37, 39), our new observation that increased cerebral oxygenation through CO 2 -mediated vasodilation does not improve performance suggests that mass cerebral oxygen delivery (blood flow ϫ Ca O 2 ) may not limit maximal aerobic performance in normoxia. Cerebral oxygenation
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Values are means Ϯ SD; n ϭ 9 subjects. *Different from preclamp (P Ͻ 0.01). †Different from control trial (P Ͻ 0.05). ‡Different from control trial (P Ͻ 0.01).
We also evaluated the effect of increased cerebral blood flow in acute hypoxia because the greater challenge to oxygen delivery may approach a critical level, incompatible with maintaining central motor drive (3, 26, 30, 31, 34, 42) . Results again did not support the hypothesis. Clamping PET CO 2 at 50 Torr increased cerebral blood flow and oxygenation, but decreased maximal aerobic power output and oxygen consumption to a similar extent as in normoxia (Tables 1 and 2 ). While these findings were robust, we were concerned that the level of hypercapnia may have been excessive (PET CO 2 Ͼ10 Torr above poikilocapnic control) and could have led to accumulated acidosis (9) or respiratory muscle fatigue (4, 6, 33) that might have outweighed any potential benefits of increased cerebral oxygen delivery. We subsequently performed a follow-up trial in which we clamped PET CO 2 at a lower target (40 Torr) only after cyclists reached their respiratory compensation point. Reducing the degree and duration of respiratory acidosis (ϳ20 min at 50 Torr vs. ϳ2 min at 40 Torr) did not affect results. Performance in acute hypoxia still tended to be impaired, despite an increase in cerebral oxygenation.
Collectively, these results argue against a limiting role of cerebral blood flow on maximal aerobic performance and lead us back to question the relative influence of Ca O 2 and Pa O 2 on exercise performance in hypoxia (2, 32) . As stated earlier, Ca O 2 was similar between trials, but PET O 2 was elevated (ϳ4 Torr) at the point of fatigue during the CO 2 -clamp trials in hypoxia. Assuming that oxygen transport across alveoli was not affected by supplemental CO 2 , elevation in PET O 2 may have increased Pa O 2 slightly in the clamp trials. Furthermore, the induced respiratory acidosis accompanying hypercapnia would have been expected to shift the O 2 Hb dissociation curve rightward, thereby facilitating unloading of oxygen from Hb. The combination of these effects may have increased muscle and brain tissue PO 2 during the CO 2 -clamp trials, yet maximal aerobic performance was impaired rather than improved. These findings are in agreement with previous studies citing minimal effects of Pa O 2 on exercise performance (2, 32), but should be interpreted with caution, since any changes in arterial or tissue PO 2 with our approach would have been small. Why might performance have been impaired? We were surprised by the finding that performance was impaired with this approach, because others have not reported a change in peak aerobic power when cyclists inspired a fixed concentration of CO 2 (4%) during incremental exercise in normoxia (14, 25) . The differences between studies may be explained by the relative degrees of respiratory acidosis. Although peak Pa CO 2 values (ϳ54 Torr) in the previous studies were slightly greater than our PET CO 2 values at submaximal work rates, they did not titrate the delivery of CO 2 to account for relative hyperventilation near exhaustion, so Pa CO 2 at maximal exertion may have fallen below what we were able to maintain by clamping PET CO 2 . A study with higher inspired concentrations of CO 2 (6%) reported results similar to ours (19) , in line with findings that respiratory acidosis affects muscle contractility in a dosedependent manner (41) . While hypercapnia did appear to reduce arterial pH at maximal exertion in our limited number of arterial blood samples, this explanation is difficult to reconcile with more recent studies showing that exposure of muscle fibers to reduced extracellular pH actually increases contractile ability when muscle temperature is increased (9, 28) . In our study, we did not detect a degree or duration-dependent effect, as the decrement in performance was similar during severe, sustained (clamp 50 ) and mild, brief (clamp 40 ) hypercapnia. We acknowledge that these observations cannot rule out pH-mediated impairment of performance. Future studies that clamp both PET CO 2 and arterial pH, with bicarbonate infusion (29), are (41) concluded the deleterious effect of hypercapnia on muscle contractility was likely mediated by factors other than intracellular pH. We reasoned that, if a variable potentially posed a limit to performance, it would reach the same value at maximal exertion, regardless of the trial. V E and muscle oxygenation were the only two physiological variables that consistently appeared to reach similar maximums and minimums, respectively, between trials. Our trained athletes may have been limited by the finite structure of their respiratory system, since ventilatory reserves and expiratory flow are limited and may restrict the ventilatory response to high-intensity effort (12) . Our subjects reached ϳ95% of their estimated MVV at maximal exertion and may have approached such functional limits. Additionally, during PET CO 2 clamp trials in hypoxia, maximal V E was similar to control trials, despite occurring at lower work rates (Tables 2 and 3 ). The accentuated ventilatory drive due to hypercapnia may have increased oxygen demand within respiratory muscles, thereby diverting blood flow away from exercising limb muscles (15, 16) , and reduced muscle oxygenation prematurely. We propose that such a "steal" mechanism could have been compounded by the degree of hypercapnia-induced cerebral vasodilation imposed by our experimental conditions and led to an even greater proportion of blood flow being diverted away from contracting muscle, thereby limiting performance (10, 11, 24) . Alternatively, since hypercapnia tended to increase subjects' RPE during exercise, subjects may have quit exercising independent of a failure of any single physiological system (36) .
Limitations. Despite our success in selectively increasing cerebral oxygen delivery during exercise, our approach has several limitations. Foremost, we acknowledge that administration of supplemental CO 2 induced respiratory acidosis, which may have influenced fatigue and confounded our ability to detect an effect of increased cerebral oxygen delivery on performance. Although reducing the degree and duration of respiratory acidosis in our follow-up trials did not affect performance, clamping blood pH with bicarbonate infusion is a logical next step to improve the method.
Our approach was not expected to clamp Pa CO 2 , the direct effector of cerebrovascular tone, since the alveolar to arterial PCO 2 difference widens with exercise intensity and exhibits a great degree of intraindividual variability (18) . We chose to clamp PET CO 2 because it could be noninvasively monitored and adjusted breath by breath during ramped exercise. While less precise than controlling Pa CO 2 , clamping PET CO 2 raised Pa CO 2 enough to achieve the desired cerebral vasodilation.
Transcranial Doppler measurements of flow velocity are widely accepted indexes of cerebral blood flow, but are dependent on the assumption that vessel radius does not change. While the radius of the middle cerebral artery remains constant at rest (35) , this has not been experimentally validated during exercise with supplemental CO 2 . We appreciate by Poiseuille's Law that even a small degree of vasodilation will greatly increase blood flow, yet we do not see this as a major limitation of our method because hypercapnia-induced vasodilation of the middle cerebral artery would have caused us to underestimate the increase in cerebral blood flow and not affected our interpretation of the results.
Our assertion that muscle blood flow and oxygen delivery were not affected by CO 2 was based on NIRS measurements of O 2 Hb and HHb rather than direct measurements of leg blood flow and Ca O 2 . Future studies documenting distribution of blood flow with this approach are necessary to elucidate potential hemodynamic effects in respective tissues.
Last, our results are restricted to the conditions of testing. All subjects had lived at ϳ1,650 m for at least 1 yr. This degree of acclimatization may have an effect on the physiological response to higher altitudes and limit the generalizability of our findings.
Conclusions. Administration of supplemental CO 2 allowed us to augment cerebral, but not muscle, oxygenation during incremental exercise, thereby addressing a limitation of previous studies. Despite improvements in cerebral oxygen delivery, peak performance was impaired. These results suggest that mass cerebral oxygen delivery may not be the primary factor limiting incremental exercise performance, at least when accompanied by respiratory acidosis. Future refinements to the method are needed to control for changes in acid-base balance to determine whether small improvements in performance were potentially masked by deleterious effects of reduced pH.
